This quantitative study examined the economic viability of using greywater heat recovery (GWHR) systems for barracks, and dining facilities on Army installations. Both training (open bay type) and "1 + 1" type barracks were studied independently due to their configuration differences. This study discusses the technology theory, installation, and expected costs and savings. Theoretical analysis is done using a variety of thermal effectiveness and savings data from independent studies, assumed water usage levels for barracks and dining facilities, and actual fuel cost data. The analytical study determined that it was economically viable, in most cases, to install GWHR systems in training barracks and in dining facilities. In almost every case, both facility types would have short payback periods and have correspondingly high savings to investment ratios. Results for a "1 + 1" barracks configuration show GWHR viability only with high energy costs and a high number of floors. Finally, this study will provide a decision tool regarding the installation of GWHR systems for barracks and dining facilities based on various energy costs and size of facility.
In 2006, the "Canadian Centre for Housing Technology" conducted a performance evaluation (Zaloum, Gusdorf, and Parekh 2006) of several GWHR technologies to determine effectiveness values and energy savings for five GWHR systems. These performance and savings values were used to determine theoretical energy savings for this study.
To determine applicability to Army facilities, energy consumption in barracks was estimated based on facility size, estimated showering water use, and yearly occupation. For dining facilities, water usage was estimated based on facility capacity, estimated number of daily customers, and expected annual operating days. Geographic location was not considered.
Results showed that, based on simple payback and savings to investment ratio (SIR) values, it is viable to install GWHR systems in almost all cases.
Tables ES1 and ES2 summarize simple payback periods using GWHR systems in training and "1 + 1" barracks. Table ES3 summarizes simple payback periods using GWHR systems for average-sized dining facilities. Table ES4 lists energy costs and water usage applied for payback calculations.
Savings to investment ratios (SIRs) were also calculated for training and "1 + 1" barracks, and dining facilities. Table ES2 . Simple payback (yrs) for "1 + 1" barracks GWHR systems.
Energy Costs (Table 5 
Background
Domestic hot water (DHW) is one of the major energy users in Army barracks and dining facilities. DHW can consume more than 60 percent of the total annual heating energy supplied to barracks buildings (Underwood et al. 2008 ) and the dominant hot water consumer during the non-heating season. Dining facilities use large amounts of water for dishwashing operations and require high hot water temperatures (~180 °F) for sanitation purposes. Recovering the residual heat from the drain water from these facilities is both economical and viable over the long-term. Adding the recovery system is easily adaptable to both new construction and renovations.
Theory of greywater heat recovery
Greywater heat recovery systems are non-mechanical counter-flow heat exchangers that extract heat from drain water "greywater." The device is used to heat incoming domestic water either directly for use or for storage in a hot water tank. The system replaces normal vertical drain water piping with a metal (normally copper) pipe; wrapped on the circumference is smaller metal tubing (normally copper) that carries the incoming cold domestic water. For hygiene reasons, the two fluids are completely separated; only the heat is extracted. Pressure for the incoming water is maintained by normal domestic water pressure; no additional pumping is required. As the drain (grey) water flows down the metal pipe, it creates a water film along the pipe periphery. The high thermal conductivity of the metal extracts heat from the water as it drains. Vertical systems are much more efficient than horizontal systems. (Horizontal systems extract only about 20 percent of the heat that a vertical position can extract.) Figures 1 to 3 show several examples of the GWHR system. Figure 1 shows a single shower GWHR system and Figure 2 shows a single dishwasher GWHR system. Figure 3 shows multiple hot water discharges that use multiple GWHR systems.
Objective
The objective of this study was to determine the economic viability of using greywater heat recovery systems both for barracks and dining facilities in military facilities. 
Approach
This assessment used experimental data from independent demonstrations (USDOE 2005) and applied this information to determine the energy savings in barracks and dining facilities. This experimental data was then used in conjunction with actual Army energy cost data to determine annual savings, simple payback periods, and savings to investment ratios (SIRs).
Scope
This work determined the economic viability of using GWHR by using experimental data and applying it to Army facilities, either in a barracks and dining facility.
Mode of technology transfer
This report will be made accessible through the World Wide Web (www) at URL: http://www.cecer.army.mil
Estimated Annual Water Usage in Barracks Showers

Examples/studies
To determine the estimated individual annual water usage in barracks showers, several studies and one facility guide were used.
Example 1. ERDC/CERL study at West Point
The author estimated that cadets at the US Military Academy at West Point shower (Underwood et al. 2008 , p 65), on average, 1.5 times/day, 7 days/wk, 46 wks/yr. (Note that the following calculation assumes 46 wks/yr for warfighting units.) It was assumed each shower lasts approximately 5 minutes with a flow rate of 1.5 gal/minute. Assuming that daily usage equals 11.25 gal, estimated annual water usage is 3623 gal/cadet.
Example 2. Oak Ridge National Laboratory Study
The Oak Ridge National Laboratory study (Tomlinson 2008 ) estimated 30 gal/day/person.
Example 3. The Canadian Centre for Housing Technology Study
The Canadian study (Zaloum, Gusdorf, and Parekh 2006) shows that a family of four uses 15.6 gal/day/person for showers.
Example 4. Berkeley National Laboratory Study
The Berkeley National Laboratory study (Biermayer 2005) Total water usage (from all sources) is estimated at 150 gal/day in the summer and 125 gal/day in the winter, which yields an average:
This average value includes all domestic hot water (DHW) usage. Oak Ridge National Laboratory determined that showers use 43 percent of total daily usage of DHW (Zaloum, Gusdorf, and Parekh 2006) . Therefore, water usage for showers would be:
137.5 gal * (0.43) = 59.1 gal
Example 6. Princeton University Study
A Princeton University study of dormitory water usage (PERC 1998) showed that the average shower took 12.5 minutes. Using the national shower head flow value (2.64 gal/minute) gives a shower total of 33.0 gal. Assuming 0.7 showers/person/day (from the Berkeley example), equates to 23.1 gal/day/student.
Using the study from Berkeley National Laboratory, the average number of showers per person per day is 0.70. The study shows the average shower time to be 8.2 minutes. (Average shower head flow rate was not given so the national average for shower head flow rates of 2.6426 gal/minute was used.) This gives a total of 2.64 gal/minute, 0.70 showers/day, and 8.2 minutes/shower for a total of 15.15 gal/day for each shower.
Daily water usage summary
After eliminating the "Navy study" usage rate (its value is out of range from the others), it was determined that the average individual daily value of water used for showers is 17.4 gal. Table 1 summarizes the results of studies done to determine daily shower water usage 
Individual annual water usage estimation
Estimated annual shower usage will vary depending on the type of unit assigned to the barracks.
For training units, Soldiers are expected to occupy the barracks 50 wks/yr.
For warfighting units, Soldiers are assumed to occupy the (1 + 1 style) barracks 46 wks/yr. This value assumes several field exercises and holidays scheduled throughout the year.
Calculations also assume 100 percent occupancy.
Shower drain connections in barracks
The drain pipe in the Army standard barracks (1 + 1) design is a vertical pipe that is typically connected not only to the individual shower drain, but also the room sink toilet and sink. This drain pipe is also connected to other drains from rooms directly under it. Connections to the main drain typically do not occur until after all the vertical piping is below grade. Therefore, the amount of drain water from showers is limited to just a few rooms; it is a function of the number of barracks floors. Additionally, there is a possibility that colder water from the toilet and sink could mix with the shower water drain water, lowering the temperature of the incoming drain water to the GWHR system.
For training barracks, large shower rooms are provided, typically with 6-12 shower heads/room/floor. This shower drain is normally connected to the toilet drain using a horizontal pipe and then is sent vertically. It is also connected to shower rooms directly underneath. It is then sent to the drain main below grade. It is estimated that 30 soldiers use each shower room. Table 2 lists estimated water usage based on the above conditions. 
Water temperatures
Most references determined that the temperature increase of the incoming cold water across the GWHR system was approximately 25 °F. This increase varies based on the initial water temperature. To support this temperature increase, four GWHR units will be installed in parallel for training barracks configurations. A single GWHR unit is adequate on "1 + 1" shower configurations.
Estimated Annual Water Usage of Commercial Dishwashers in Dining Facilities
Dishwasher water usage
This study used an average-sized dining facility designed to feed approximately 400-600 soldiers/meal. For this facility size, calculations were based on the use of an Insinger DA3 11 pot and pan washer. The capacity for this dishwasher is 2 racks/cycle with 25 cycles/hr at a rate of 5.6 gal/cycle. The water usage is 140 gal/hr. The capacity and water usage of the Insinger CA3 is half of the DA3 (1 rack/cycle with 25 cycles/hr at a rate of 2.8 gal/cycle totaling 70 gal/hr).
For the average-sized Army garrison dining facility, the total number of dishwashers per facility is two. Normal operations are typically from 5 a.m. until 7 p.m. Throughout the day, each meal (B, L, D) lasts approximately 1½ hrs during which time the dishwashers will operate almost continuously. It is also assumed that the dishwashers will operate at 100 percent capacity for ½ hr prior to and after each meal; this is to take into consideration the cleaning of food preparation equipment and post meal cleanup. This would total 7½ hrs of operation at 100 percent capacity. Additionally, there are other times when the dishwashers are needed for additional cleaning; it is estimated this would total 3 hrs daily. Therefore, total daily dishwasher usage equates to 10.5 hrs at 140 gal/hr. This would equate to a daily usage of 1470 gal/day or 426,300 gal/yr. It is also assumed these facilities operate approximately 290 days/yr. If a smaller than average dining facility is modeled, an Insinger CA3 dishwasher uses half of the above amount (213,150 gal/yr). For larger dining facilities, multiple DA3 dishwashers could be used.
An Alliance for Water Safety study (2008) investigated water usage of several sizes of food service facilities using high efficient dishwasher systems. Table 3 lists the actual savings using high efficient dishwasher systems and Table 4 lists an extrapolation of those savings to actual usage rates without using the efficient systems. Those results and support this study's assumptions and calculations of annual water usage at medium-sized Army dining facilities. The estimated annual usage of 426,300 gal falls within the range of low and high usage rates for a medium-sized food service facility. The data in Table 4 represent an extrapolation of these savings to an estimated yearly usage, and are based on the 25 percent savings of water usage as listed in Table 3 .
Dishwater water temperatures
Three examples in two separate case studies were used for savings calculations for heat transfer rates. The first case study involved a commercial wash system supplying hot water to a "flight-type" conveyor dishwasher. Included in the case study were calculated heat transfer rates (GFX Case Study). The second case study was of a commercial restaurant (Bell et al. 2007 ). The water temperature during dishwasher operations typically peaks 180 °F. The temperature from the dishwasher to the GWHR system varies depending on the temperature set point in the dishwasher, the flow rate, cycle setting, and distance of piping from the dishwasher to the GWHR system. However, most references researched found that the temperature increase of the incoming cold water across the GFX was approximately 38 °F.
To support this temperature increase, studies showed that four GFXs were used in parallel. Chapter 5 contains the calculations used to perform savings and payback periods results for commercial dishwashers. 
Fiscal Year 2007 Army Energy Data
The following information was compiled From 2007 Army Energy Data (HQUSACE 2007). Table 5 lists the breakdown of electric rates from 100 Army facilities; Table  6 lists the breakdown of gas rates from 81 Army facilities. 
"1 + 1" Barracks Electric and Gas Calculation
Using the mean average water usage rate of 17.4 gal/day/person, in a "1 + 1" shower application with five stories, and the mean average electric rate with one GFX, cost savings for electric would be: Using the mean average water usage rate and the mean average gas rate for barracks with a "1 + 1" shower application using one GFXs, cost savings for gas would be: 
Training Barracks Electric and Gas Calculation
Using the mean average water usage rate of 17.4 gal/day/person, in a fivestory training facility application with five stories, and the mean average electric rate with four GFX, cost savings for electric would be: Using the mean average water usage rate and the mean average gas rate for a five-story training facility using four GFXs, cost savings for gas would be: Tables 7 and 8 list the results of these calculations.
* This assumes one GFX for each shower. 
Calculations used to perform savings payback periods for commercial dishwasher
For commercial dishwashers, an average temperature increase of 38 °F was used based on the three studies cited earlier. A relatively high cold water input value of 67 °F was used. For lower cold water input values, the temperature increase was greater, about 51 °F. For commercial dishwashers, two ways for calculating savings can be used. The first method is using the low-usage medium-sized food service facility, assuming that there would only be one commercial dishwasher in the facility. This could then be extrapolated for larger facilities. (If the total yearly gallons is known this value is then used to determine the number of dishwashers needed, e.g., 426,300 gal, one dishwasher, 852,600 gal, two dishwashers, etc.) The savings for one dishwasher at 260,000 gal/yr and one GWHR is calculated below using an average energy cost would be:
426,300 gal/yr * 8.34 lbs/gal * 1.0 Btu/lb -°F * 38 °F / 0.62 = 217,908,000 Btu/yr 132,902,000 Btu/yr * $11.48 /MMBtu = $2,502/yr savings.
Payback Period = $6,000/$2,502 = 2.40 yrs. Table 9 lists the results of these calculations. If a smaller dining facility using a CA3 is modeled, savings and SIR would be half that listed and payback would be doubled. Tables 7, 8, and 9 Payback periods and SIRs were calculated using a number of scenarios, taking into consideration high and low values of both water usage and energy costs.
Calculation methodology used to obtain the results of the SIRs shown in
According to 10 CFR 436, SIR is computed over a period no longer than 25 yrs with the composite yields of all outstanding US Treasury bonds. The calculations use the rates listed in Table 10 (effective for Fiscal Year 2008). Many GWHR are purported to last 50 yrs. Therefore, 25 yrs is reasonable to use for SIR calculations. The initial investment of $1500 includes purchase and installation.
SIR and Present value saving (PVS) are calculated:
SIR = Present value saving (PVS) / Present value costs PVS = Annual saving * Years -Present value of initial investment
For present value of $6000 in 25 yrs, using a inflation rate of 5 percent, would be:
(1.05)25 * $6,000 = $20,320
Using the most recent example of $2502/yr savings for a dishwasher, the SIR would be: 
Cost and Installation of the GWHR System
The cost to purchase and install a GWHR system is between $600 and $1200 (RenewABILITY Energy 2008) . Adding a 25 percent contingency allowance (Parsons 1999) to this would increase this cost to $750-$1500. This cost includes contracting overhead, contingency, additional piping/fittings, and other unforeseen expenses. Therefore, this study used an installed price of $1500/GFX. Figure 5 shows a GWHR system installation. 
Conclusions and Recommendations
Conclusions
This quantitative study determined that installing greywater heat recovery (GWHR) systems both in Army training barracks and dining facilities is economically viable across the spectrum of energy costs and water usage. These systems would have short payback periods and have high savings to investment ratios in almost every case. It is feasible in barracks with a "1 + 1" configuration with high energy costs and with a high number of floors (> 3).
Another benefit and design consideration of GWHR systems is the ability to design a smaller hot water heater than previously considered without the system. If water usage for showers or washing dishes make up a large portion of the hot water demand, smaller water heaters could potentially be installed and used, offsetting some of the costs of the GWHR system.
Recommendations
For new construction, it is economically beneficial to install GWHR systems for training barracks and dining facilities, and limited instances for barracks with a "1 + 1" configuration.
For retrofit applications, GWHR systems would be viable and economically beneficial only after actual installation costs are provided and then measured against expected savings.
For barracks with "1 + 1" shower applications, there are few scenarios where GWHR systems would be recommended except at installations with high fuel costs and high number of floors (cf. Table 7, p 14) . This is due to the fact that there are two personnel/floor/system. Only if more than one room/floor would have drain connections to the same system would SIR numbers be viable for lower (average) fuel costs. Therefore, for most cases, GWHR systems for barracks with "1 + 1" shower configurations are not recommended except in those instances where the above caveats are met and fuel costs were high.
Depending on their size and usage rates, installations should consider also adding them to fitness centers.
Additionally, to improve GWHR systems, adding pipe insulation is recommend. Depending on the type of insulation, additional savings are possible. Insulation reduces heat loss caused by emission and is easy to install. Several studies have shown, energy saving rates of over 20%, compared to systems without pipe insulation. Investment costs are also very low, which indicates a short payback period.
Operations and Maintenance Considerations
Beside the positive economic benefits of a GWHR system, maintenance is absolutely required. Each greywater pipe system contains impurities, caused by micro-organisms. This bacteria is present in every greywater system and found on clear surfaces inside the piping. The microorganisms will reduce the efficiency of GWHR system by 60 percent. Maintenance costs will increase the overall Life Cycle Costs (LCC) and would have a slight negative impact on payback time periods. These maintenance costs are not included in this quantitative analysis, although they would be minimal. Appendix A: GWHR System Effectiveness Calculations using the Canadian Study1 and ASHRAE Handbook20
Acronyms and Abbreviations
The Canadian study defines effectiveness (ε) as: In accordance with the ASHRAE Handbook, page 3.28, equation (49):
As can be seen from above, given Cc = Cmin, ε is reduced out from the equation.
From above, Cmin = Cc
From the ASHRAE Handbook, page 3.28, Cc = ( cp)c
From the ASHRAE Handbook, page 3.28, equation (51):
where: te = temperature entering GWHR heat exchanger ti = temperature exiting GWHR heat exchanger.
According to the Canadian study, there is a savings of 0.162 to 0.325 m 3 (5.72 to 11.48 sq ft) of natural gas savings per 100 L (26.4 gal) of shower water used per day:
(100 L/day * 365 days)/3.78 L/ gal = 9,656 gal /yr; 5.72 cu ft to 11.48 cu ft natural gas/day * 365 days = 2,088 cu ft to 4,189 cu ft natural gas/yr.
Savings are calculated as:
2,088 cu ft to 4,189 cu ft natural gas/yr * 1030 Btu/cu ft natural gas = 2.15 MBtu to 4.31 MMBtu/yr
At an average price of natural gas given in 
Usage
Rising energy costs have made it necessary to find alternative and efficient ways to reduce energy losses and to recover energy. The use of GWHR is one such alterative that has become more widespread during the last few years in Europe, especially in Switzerland and Germany.
After several years of testing, greywater heat recovery technology has emerged as an efficient and reliable technology. Different ways have been found to use the recovered energy-not limited to heating. For example, in addition to the use of recovered heat energy to preheat domestic hot water, it is also possible to use the recovered energy (or alternatively, the technology) for space heating or cooling.
The major users of greywater heat recovery energy are:
• preheat domestic water • space heating • space cooling.
Due to the fact that greywater normally has a constant temperature level of 10-20 °C, it can be used for both heating and cooling. During the winter season, it is possible to use the high temperature level of greywater for space heating and preheating domestic hot water. Through the summer season, the greywater temperature level is lower relative to environment temperatures, which makes it possible to use it for cooling as well as for preheating domestic hot water.
Note that "domestic hot water" is not simply water used for showers; it refers to entire hot water loop, and includes dishwashers, laundry washing machines, and all hot water using devices.
Two devices are used to recover energy from greywater:
1. A conventional heat exchanger. (See p 1 in the body of this report.) 2. A heat pump system.
The following sections describe these devices.
Technologies 7.3.1 Heat exchanger
A heat exchanger has two characteristics. The device separates greywater from domestic water and extracts energy from greywater. Over the past years, different devices have been tested to recover heat or energy from greywater.
The first way is to install a heat exchanger in an existing building sanitation system. One method to install a heat exchanger as described in the body of this report. Another approach is to install a storage tank and amass the greywater before it flows into the sewer system. This storage tank includes a heat exchanger that recovers energy from the greywater. Figure B1 shows a heat exchanger in a storage tank, and Table B1 shows the major pros and cons of this type.
Alternative 2 includes the possibility to add heat exchangers to the sewer network. Several heat exchangers devices are integrated into the sewer line segments over a length of 600 ft (183 m). It is possible to implement the segments into an existing sewer network or to install them when a new network is going to be built. Figures B2 and B3 show two types of integrated heat exchangers and Table 2 shows the major pros and cons of this alternative.
A third option is a central solution. To recover energy from greywater, a heat exchanger is installed into a filter plant. This system recovers energy from cleaned greywater and transfers the energy back to the user. Compared to alternative 2, this way of energy recovery is easy to install and to operate. Like every other device, this system has advantages and disadvantages. Table 3 shows the major pros and cons of this type. Important for all different solutions is the water flow rate. For technical reasons, a use of pipes with a minimum water flow rate of 3 gal/s (11.36L/s) is necessary. Running the system with a lower flow rate would cause technical problems and be economically inefficient.
The described heat exchanger technology can be used to recover heat energy from greywater. This recovered energy has a low temperature level and can only be used to preheat domestic hot water.
Heat pump
A heat pump is another option. Heat pump technology allows the use of recovered heat for both space heating and cooling. Space heating requires a water temperature of 122-158 °F (50-70 °C) at the boiler. In combination with a heat pump and a boiler, high temperature levels are feasible. A positive aspect of this technology is that the higher supply guarantees a higher efficiency. Figure B4 shows a heat pump system that raises water from a temperature of 54-158 °F (12-70 °C).
Furthermore it is possible to use a heat pump in combination with a block heat and power plant. Figure B5 shows the efficiency of a system that incorporated heat pump technology compared to that of a conventional heating system. Heat pumps allow the recovered heat to be used for cooling as well as for heating. The heat pump, intermediate circuit, and heat exchanger, can all be used without any changes; no additional equipment or investments are required to run the cooling process. Three different running modes are available. Table B4 lists the greywater heat recovery cooling modes and the technological background or usage. Waste heat of the cooling process is used in combination of the greywater energy for the heating process. This special solution is used in facilities such as business and industrial buildings where cooling and heating is used at the same time.
3 Free-cooling
Waste heat is directly emitted to the greywater via the sewer heat exchanger. This system is used in regions where the cooling temperature is higher than the greywater temperature.
